Introduction
A lysosomal storage disease [15] is a genetically determined disorder characterized by a deficiency in one of the lysosomal acid hydrolases. As a result of this defect, materials which are normally degraded are found accumulating in the lysosomes or lysosome-like bodies of the cells [16, 27] . Deficiency in each of at least 12 lysosomal enzymes has been shown to result in distinct clinical disorders [25] .
Most of these lysosomal diseases can be diagnosed by measuring enzyme activities in cultured cells derived from affected patients [25] . The ultrastructure of such cells has also been the subject of numerous investigations [2, 7, 13, 27, 28] , and in the so-called I-cell disease, structural abnormalities of the cultured cell is indeed one of the landmarks of the disorder [13, 18] . However, for the most part the ultrastructure of cells in culture is difficult to interpret, presumably because normal cell lines may at times contain all types of inclusion of pathologic appearance.
In a previous paper we have shown that the environment has a profound influence on at least one lysosomal function in normal cells [21] and that a condition mimicking storage disease can be induced in normal cells by a small change in the pH of the culture media. As pH is raised from 6.8 to 7.9, the lysosomal degradation of mucopolysaccharides is progressively inhibited, and normal cell lines become indistinguishable from cells with genetic defects in mucopolysaccharide degradation.
This paper reports the fine structural and histochemical alterations induced in normal human fibroblasts by changes in the pH of the culture medium. The results support our previous observation that increase in pH markedly interferes with lysosomal function and produces a morphologic picture of storage disease in normal cells.
Materials and Methods

Tissue Culture
Fibroblast lines were established from skin biopsies of five normal adults (three males and two females) and one infant with I-cell disease [13, 18] and culture were maintained as monolayers in plastic culture flasks [30] . Growth medium was Eagle's Minimal Essential Medium containing 10% fetal calf serum, 100 units penicillin and 100 /xg streptomycin, respectively, per ml. The desired pH was obtained by using organic buffers as described by Eagle [9] and incubating with air as the gas phase. Media was changed daily in order to minimize variables other than pH.
Histochemistry and Electron Microscopy
Cells were transplanted onto coverslips and grown at the desired pH for 3-5 days before examination. Experiments were timed so that samples were examined just before the cells reached confluence. Samples of each group were fixed as follows.
1. Cells were fixed in 2% glutaraldehyde in cacodylate buffer, pH 7.4, containing 0.3 M sucrose at 4° for 60-90 min. Half of the samples were exposed to the same fixative which contained 750 ppm ruthenium red, postfixed for 1 hr in 1% OsO 4 containing ruthenium red, and embedded in Epon 812.
2. Cells were trypsinized and fixed as a pellet as above but without ruthenium red.
3. Coverslips were fixed as in section 1, then incubated in acid phosphatase media [12] with /?-glycerophosphate as substrate for 15 min at 37°, examined by light microscopy after brief immersion in ammonium sulfide, gently scraped from coverslips, postfixed in 1% OsO 4 , and embedded in Epon 812 for electron microscopy. Controls for acid phosphatase activity were incubated in the presence of 0.1 M sodium fluoride.
Results
Acid phosphatase activity as detected by histochemical staining is shown in Figures 1-3 . In the cell lines studied, the histochemical activity of acid phosphatase was markedly enhanced by raising the culture medium pH. The number as well as the size of positive granules increased ( Fig. 3 ) and differences could be detected easily when identical cells were grown at different pH for only 3 days.
The ultrastructural consequences of pH changes in the growth medium on cultured fibroblasts are shown in . The morphology at pH 6.8 was similar to a "normal" cell. The various organelles were well preserved, and the endoplasmic reticulum, lysosomes, and mitochondria were present in the expected amounts. At pH 7.7, however, the picture was dramatically changed. The number of membrane-bound bodies and autophagic vacuoles was greatly increased (Fig. 5) , and in some cases, filled the entire cytoplasm. There was some variation in any given sample, and • S m. On the basis of structural and histochemical differences these bodies could be divided into two groups. One group (type I) contained a homogeneous material which stained with ruthenium red but showed no acid phosphatase activity (Figs. 6 and 7) . These bodies were occasionally membrane bound, but usually had no detectable membrane. The second type of body (Type II) contained membraneous material and was positively stained for acid phosphatase activity (Figs. 8 and 9 ). These bodies always were membrane bound and did not stain with ruthenium red. Golgi elements were also stained for acid phosphatase.
It should be emphasized that these changes were not , o.. . Normal human fibroblast culture, seventh passage. Maintained at pH 7.9 for 6 days. Ruthenium red stain. Cell in lower half of figure appears normal, whereas cell in upper half contains large numbers of ruthenium red-stained inclusions. X 11,000. associated with reduced cell viability. As described by Ceccarini and Eagle [4, 5] , the pH optimum for growth of normal diploid cells in culture is around 7.8, although this varies somewhat from strain to strain. We have confirmed their observations [21] and found that pH optimum from growth for all the human diploid strains used in the present study is around 7.8 in spite of the remarkable morphologic changes which take place at this proton concentration.
Discussion
We have earlier shown that the lysosomal function of mucopolysaccharide degradation in cultured human fibroblasts is progressively inhibited as the pH of the growth media is increased [21] . The finding of increased amount of acid phosphatase as demonstrated histochemically might indicate that this enzyme is not subject to pH-induced inactivation. However, demonstration of enzyme activity in fixed cells or cell homogenates against artificial substrates in buffered solutions is no proof that this enzyme has activity in the intact living cell. Whether the specific activities of other lysosomal enzymes are influenced by medium pH is under investigation and the results will be reported elsewhere.
The consequences of an increase in medium pH on the morphology of cultured human fibroblasts are compatible with a severe inhibition of lysosomal activities. The cell increases in size, and there is a drastic increase in the number of cytoplasmic bodies. These bodies could be divided into two rough groups, although intermediate types were occasionally seen. Type I had a homogeneous matrix, stained slightly with ruthenium red, was usually not membrane bound, and exhibited no acid glycerophosphatase activity. The nature and origin of these bodies are unclear. The fact that some of them were limited by a membrane raises the possibility that some sensitive membrane could have been removed during preparation of the cells. However, the bodies do not qualify as lysosomes. Type II contained whorles of membranes and inhomogeneous matrix which was acid phosphatase positive but did not stain with ruthenium red. Bodies of this type fill the criteria for lysosomal bodies, and some of these could be denned as autophagic vacuoles. The significance of the ruthenium red staining is unclear. Although ruthenium red stains mucopolysaccharides and lipids, the exact mechanism or specificity of the staining reaction is not known [23, 24] . In the present study lipid droplets were not stained by ruthenium red.
de Duve [8] has recently expanded the lysosomal concept and discusses the exoplasmic and endoplasmic space of the vacuome. In his terminology, the results of alkaline pH on cell morphology may be a pronounced increase in the exoplasmic space, which includes both secondary lysosomes and endocytic vesicles. We believe that this pH effect is best explained by assuming a progressive loss of lysosomal function as the proton concentration of the medium is lowered. There is good evidence to believe that material trapped in secondary lysosomes can be removed from these bodies only after degradation [6, 11] . Since materials are constantly transferred to lysosomes, defective enzyme activities might explain the accumulation of the lysosomes which were observed. The accumulation of the Type I body is more difficult to explain, but we suggest that they may represent accumulations of macromolecules normally degraded by the cells.
Some lysosomes contained recognizable cell organelles such as mitochondria when grown at high pH.
This suggests increased autophagic activities in such cells. Autophagic processes can be induced in vivo by a variety of agents [10] and is usually thought to be a consequence of toxic effects resulting in increased turnover of cell organelles. However, this is not necessarily the explanation in the present case. The processes of autophagy might be normal except for defective lysosomes; thus accumulation of material in various degree of digestion was seen. It should be remembered that these changes are not reflected in decreased cell viability, since the alkaline pH actually stimulates cell growth [4, 5, 21] .
The molecular basis for this pH-induced inhibition of lysosomal function (or functions) is not known. We do not know whether it is a specific or generalized phenomenon. We do not believe, however, that it reflects inhibition of protein synthesis [21] , but rather that lysosomal factors in situ are progressively altered as proton concentration changes. This may be an effect either on the hydrolytic enzymes themselves, on lysosomal or cell membranes, or on all of these. The pH effects on membrane configuration are well known [22] and. these changes could interfere with membrane-bound enzymes as well as with the important process of membrane fusion. The possibility that the organic buffers per se should be responsible for the observed inhibition of lysosomal function, has been excluded in an earlier paper [21] .
Hanai et al. [13] have recently studied the ultrastructure of cultured cells from patients with I-cell disease. These cells are characterized by a great increase in vesicular bodies, some of which contain pleomorphic membranous bodies and recognizable cell organelles. We have observed similar changes in I-cells cultivated in our laboratory (Figs. 10 and 11) and it is remarkable that this morphology is indistinguishable from that observed in all our normal cell strains when they have been grown in alkaline conditions.
With vital staining, a similarity is also found between I-cells cultivated at neutral pH and normal cells at high pH [19] . Although neutral red is concentrated in the lysosomes of the living cell [1] , we have found that normal fibroblasts at neutral pH are poorly stained, if at all, when neutral red is added to the medium. However, when I-cells at neutral pH or normal cells at high pH are exposed to neutral red in the same concentration for 2-3 min, the whole cytoplasm becomes brilliant red. Light microscopy shows that the dye is contained in small vesicles in the cytoplasm, and one cannot distinguish any difference between I-cells and normal cells at high pH. It is tempting to speculate that the mutation in I-cell disease affects the pH optimum of some important lysosomal function (or functions). This may result in the elimination of several lysosomal functions at the physiologic pH. In any case, it is quite clear that morphologic studies aimed at detecting genetic defects in cells cultivated in alkaline medium are meaningless.
Tulkens et al. [29] have studied the effect of antibodies to lysosomal enzymes on cultured rat fibroblasts. A morphologic picture simulating a form of stor- Fig. 10 . Fibroblast cultured at pH 6.8 from a patient with I-cell disease. The cytoplasm is filled with Type II inclusion bodies consisting primarily of whorls of membranes. X 12,000. age disease resulted, and it was thought to be caused by the inhibition of lysosomal hydrolases by pinocytosed antibodies. Homewood et al. [17] have recently proposed that chloroquin kills the malarial parasite by increasing the pH of the plasmodial lysosome. We have found that chloroquin indeed interferes with lysosomal function in normal human fibroblasts in much the same way as an increase in medium pH [19] . The expression of lysosomal function in cultured cells is therefore inhibited not only by genetic defects, but also by chemical (pH), pharmacologic and immunologic methods. It is clear that these results strongly underline the importance of proper controls as well as controlled conditions when attempting to diagnose genetic defects in cultured cells [3, 14, 26] .
Summary
The influence of changes in extracellular pH on the ultrastructure of cells has been studied using normal human fibroblasts in culture. A picture resembling a lysosomal storage disease developes rapidly when the pH of the medium is above the physiologic range. The number of vacuoles increases and these could be divided into two groups on the basis of morphology, histochemistry, and ruthenium red staining. Only one type could be classified as a lysosome. It is proposed that these morphologic changes result from an inhibition of the normal lysosomal function (or functions) as the extracellular pH is increased.
